Abstract-This paper deals with an analysis of intermittent observations for mobile robot localization with Fuzzy Logic approach. Mobile robot can easily lost its sight during environment observations due to several factors such as sensor faulty, and dynamic conditions. This can lead to erroneous estimation and the mobile robot become uncertain about its position. As a solution to this issue, this paper proposed a study on Fuzzy Logic technique to overcome such problem considering the Extended Kalman Filter(EKF) measurement innovation characteristic. The rules and fuzzy sets are designed such that it preserved good estimation whenever the relative angle and its relative distance measurements suddenly becomes larger than the previous measurements. The simulation results discusses two different cases observing the performance of the proposed technique. The results show that EKF with Fuzzy Logic technique is able to deal with intermittent observations if the design takes proper analysis and consideration on the measurement innovations.
I. INTRODUCTION
Mobile robot navigation is one of the research field that truly support autonomous robot behavior [1] . One of its task, known as localization has gained numerous interest in research with various technique and analysis covering different issues such as uncertainties [2] [3] [4] , dynamic environment [5] , computational cost [6] [7] , intermittent observation [8] and data association [2] . Most of the techniques apply the probabilistics approach that utilize the previous gained information from measurement or observations to estimate the mobile robot locations as well as the environment conditions. Based on Bayes rule, the probabilistic approach has an excellence performance than the other available methods; mathematical or the behavioral based models thanks to its less-complexity and cost-efficient.
In many of available research, Extended Kalman Filter(EKF) [9] has been the main interest to estimate the mobile robot locations. Even though Particle Filter and other new techniques can be better in terms of accuracy, EKF which offers low computational cost in operation is proven to be practical in most of current applications [4] . Many studies of EKF in mobile robot can be found tolerating various problems and some of it is available in the literatures. This paper focusses on the intermittent observations [8] which occurred when the mobile robot has sensors faulty, problems on sensor fusion when processing information and operating in a dynamic environment. This intermittent observation can lead to bigger problem such as kidnapped robot problem, increasing uncertainties in measurement, and mobile robot breakdown. Hence, a solution to avoid such issue can be a wise decision in achieving better estimation results for various applications. Only then, further improvement on the estimation can be done such as in reducing computational cost and uncertainties of the system. This paper attempts to identify and analyze the capabilities of Fuzzy Logic technique to overcome the problem. Fuzzy Logic is known as a technique that able to act intelligently for a specific problem through experience and information obtained prior to the problem. It works through combination of fuzzy rules and fuzzy sets design which determines the best configuration for better performance. A number of paper investigating the application of Fuzzy Logic in EKF can be found such as examined by Kramer et al [10] . Four different methods are analyzed in their work, and it was found that Fuzzy EKF surpassed the normal EKF performance in mobile robot localization. Further works demonstrated by Hai-Yun Wang et al [11] designed Fuzzy Logic that able to adjust the measurement innovation to gain better estimation. The results shows Fuzzy EKF has lower error and secured a good estimation results as well. Our preliminary study [12] also suggest that Fuzzy EKF surpassed normal EKF performance with a slight difference to the rules and application to what has Hai-Yun Wang et al reported.
A number of papers in intermittent studies can be found in literatures but very few of it examines the condition in mobile robot applications. In earlier research, most of the analysis focusses on the packet lost in sensor network [13] , [14] . Mainly, the study covers mathematical analysis and characteristics during intermittent observations, including the boundaries of state covariances, and the behavior of state covariance [15] , [16] . Until now, in our best knowledge, surprisingly none of the current research attempts to correct or reduce the error generated during intermittent observation especially on mobile robot navigation. The possible reason especially for EKF is due to the estimation can still preserved a good estimation with acceptable error. However, rather than depending on this reason, avoidance is more preferable as it can reduce the possibilities of having different problem mentioned earlier in this section. Therefore, this paper looks into this aspect by proposing Fuzzy Logic technique in EKF estimation.
briefly analyzed the different performance of having different fuzzy membership types; Gaussian, triangular and trapezoid memberships. Two general cases are investigated; different mobile robot movements and randomly occurred intermittent observations. These two aspects are considered to ensure that the proposed technique able to refrain high uncertainties through the updated state covariance analysis and as well as its consistency for estimation. This paper is organized as follows. In section II, the general localization problem and EKF algorithm are presented, while section III explains about the Fuzzy Logic technique applied in this paper with the analysis of the EKF measurement innovations. The results are then shown in section IV which demonstrates the simulation results of both mentioned cases in EKF based mobile robot localization problem. Finally section V , concludes the paper.
II. PROBLEM FORMULATION
Mobile robot localization takes two models to describe its operating condition. The first model is the kinematic model which defines the mobile robot movements through the environment incorporating some noises coming from different elements such as the tyre slip, and surface. The model can be represented as follows.
where F k is the state transition matrix, X k ∈ R 3+2n , is the vehicle(θ , x, y) and landmark statesx i , y i , u k a vector of control inputs, and v k a vector of temporally uncorrelated process noise errors with zero mean and covariance, Q k . The landmark location is denoted by i th landmark. For the stationary landmarks p, and for i = 1 . . . n states of landmarks are expressed as
For measurement or observation purposes, the measurement model now takes place to ensure the mobile robot gained information about its location relatively to any observed landmarks. Assume that a mobile robot observed i th landmark/feature, then the measurement model is presented by the following equation.
where w k is a vector of temporally uncorrelated observation errors with zero mean and variance R k . H k is the observation matrix that measures relative location and angles between mobile robot and i th landmark. In general, the observation model for the i th landmark is written in the form of
The above equation significantly means that measurement are taken as a relative distance and angle between mobile robot and landmarks. EKF uses above two equation to estimate the mobile robot and landmarks positions. As it relies on the concept of probabilistics, the estimation for the mobile robot and landmarks states becomes as follow.
Notice that there are no noises included during estimation. Along with this estimation, the EKF utilizes the calculation of state covariance P − for a priori condition.
Above two equation defines the prediction stage. Next EKF updates the information gained from measurement matrix and states calculated according to the kinematic and measurement models. The updated state covariance P + can be obtained as mentioned below.
where K k is the kalman filter gain and
Finally, the states can be updated through following equation.
This complete the first kinematic and measurement calculations for a specific time and continues to be timely analyzed as long as mobile robot moves and observed the environment. Intermittent observation problem happens when at k, the measurement model does not response and did not provided information about relative measurements. Mobile robot may lost its eyes more than 1 second and this can produce high uncertainties to the system. Normal EKF method is incapable to correct the estimation as soon as possible and needs time to gain its confidence by observing the landmarks as soon as availability of measurement data. To overcome this issue, this paper propose Fuzzy Logic technique to secure an acceptable estimation during intermittent observation. Next subsection describe briefly about Fuzzy Logic design.
A. Fuzzy Logic Technique
As mentioned earlier, Fuzzy Logic design is based on the characteristics of EKF measurement innovation. The rules and fuzzy sets are created according to the measurement innovation behavior. If any of the measurement innovation data suddenly increased, then fuzzy logic will tune the information approximating to the condition before intermittent observation occurred.
Previous findings in [6] is referred to create the fuzzy rules as well as the fuzzy sets with very minor tuning. The tuning is mostly done on the relative angle measurements. This is due to most of the errors are coming from the angle calculation. This fact has been proved by several literatures such as in [2] . As the measurement innovation is the main interest to be tuned, then the EKF system is changed as illustrated in Figure 1 .
The Fuzzy Logic rules are shown below.
• IF angle error is negative and distance error is negative, THEN angle is negative The input and output fuzzy sets are designed as illustrated in below figure 2-3 respectively. 
III. SIMULATION RESULTS OF EKF BASED MOBILE ROBOT LOCALIZATION WITH FUZZY LOGIC
Simulation for a nonlinear case of mobile robot localization that continuously observing landmarks is organized 
Landmarks location
to examine the capabilities and outcomes of the proposed method. The mobile robot are assumed to operate based on a global coordinate system of (0, 0) with its initial pose angle to be 0 along x-axis. Some assumptions are made to secure better analysis as follows.
• Mobile robot operates in a planar environment and the landmarks are visible at all times during observations. • Landmarks are stationary at all time.
• Data association is assumed to be perfectly available during mobile robot localization. Before analyzing further the simulation results, on the aspect of different membership type performance, the triangular memberships has faster response compared to other available memberships; trapezoidal or the gaussian memberships. Their performance is not shown in this paper as some of the results has been shown in previous work [17] . Based on preliminary study, the trapezoidal and gaussian membership can have lower error if tuned appropriately with reference to the measurement innovation information. Therefore, this research focusses only on triangular and gaussian memberships type to achieve the research objectives.
The following figures 4-6 are illustrated to present a clear picture of how intermittent observation affects the performance of estimation which contains the vehicle and landmarks estimations, the state covariance update for both vehicle and landmarks respectively. Through these figures, it can be easily identified that EKF with intermittent measurement has exhibit erroneous estimation about the mobile robot and landmarks positions. The updated state covariance IF angle error is negative and distance error is positive, THEN angle is negative, distance is normal IF angle error is negative and distance error is normal,THEN angle is normal Next figures 7-9 describe the the first case of performance of Fuzzy Logic in EKF with intermittent observations. As can be seen, the Fuzzy Logic successfully avoid any errors on the mobile robot paths even though the updated state covariance still notating several instant increase of uncertainties during intermittent observations. The state covariance update is also slightly higher than the case of EKF with intermittent. However, the errors for mobile robot localization for Fuzzy Logic EKF is lower than the normal EKF with intermittent observations.
The second case of different mobile robot movements has also shown a good results even though the mobile robot moves with different movements as shown in figures 10-11. Note that, the number of intermittent observation is smaller than the previous case and none of the rules has been changed during analysis. Only the fuzzy set range and fuzzy membership types for angle measurements on input are slightly shifted from -0. The mobile robot movements between true path, EKF with intermittent observations and EKF in int.observation with Fuzzy Logic to triangular respectively. EKF with intermittent observation still cannot improve the estimation compared to the Fuzzy EKF. Further analysis has determined that an increasing number of intermittent observation has negligible effect to the estimation.
The result suggests that Fuzzy Logic can truly avoid mobile robot localization errors during intermittent observation. Due to the tuning of Fuzzy logic, the error is reduced compared to the normal EKF with intermittent observations. This is seems to be too optimistic as the uncertainties are expected to rise high during intermittent observation. However, result in figure 12-13 depicts that the state covariance has slightly increased nearly to the normal EKF estimation due to the intermittent observation. In fact, the uncertainties are still in par with the original EKF estimation without intermittent observations. Even if this is the case, a good estimation can be achieved if the Fuzzy Logic has been applied in the system regardless the existence of intermittent observation problem. The application of Fuzzy may increase the computational cost, but the proposed system is more robust than normal EKF. Remark that, if the mobile robot The updated state covariance comparison concerning about landmarks condition moves more random than the above square and circular movements, then tuning must be done with minimal changes to the relative angle input with reference to the measurement innovation characteristics.
IV. CONCLUSION
This paper has discussed about the analysis of EKF mobile robot localization with Fuzzy Logic technique to tolerate a problem on intermittent observations. Two difference cases are investigated to evaluate the performance which includes different mobile robot movements and the randomly occurred intermittent measurements during mobile robot observations. The Fuzzy logic design was based on the EKF measurement innovation characteristics to determine the appropriate parameters and rules with suitable membership types. The simulation results has shown that the proposed technique is able to define a consistent and good estimation results even though the mobile robot experienced multiple times of intermittent measurements. The mobile robot localization errors is smaller than the normal EKF with intermittent observations and almost approximating the normal EKF estimation without any loss measurement data. All missing 
